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Abstract. Experimental tests of the Brink-Axel hypothesis relating gamma
strength functions (GSF) deduced from absorption and emission exper-
iments are discussed. High-resolution inelastic proton scattering at en-
ergies of a few hundred MeV and at very forwrd angles including 0◦
presents a new approach to test the validity of the BA hypothesis in the
energy region of the pygmy dipole resonance. Such data not only provide
the GSF but also the level density (LD) and thus permit an independent
test of their model-dependent decomposition in the Oslo method.
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1 Gamma Strength Function
The GSF describes the average γ decay behavior of a nucleus. It depends on the
level densities at the initial and final energies. In general all multipoles allowed
for electromagnetic processes contribute but in practise E1 dominates. Thus,
the isovector giant dipole resonance (IVGDR) dominates the GSF at higher
excitation energies as indicated on the r.h.s. of Fig. 1. At lower energies M1
contributes to the total GSF (although a few % only under most conditions).
As indicated in the scheme of decay and absorption in Fig. 1, for the special
case of γ decay to the g.s. the GSF can be related to the photoabsorption cross
section by the principle of detailed balance
fE1(Eγ , J) =
2J0 + 1
2J + 1
1
(pih¯c)2E3γ
〈σabs〉 (1)
where J, J0 are the spins of excited and ground state, respectively, and for sim-
plicity the relation is written for the E1 component only. The brackets 〈〉 indicate
averaging over an energy interval.
2 Experimental Tests of the Brink-Axel Hypothesis
Knowledge of the GSF is required for calculations of statistical nuclear reaction
in astrophysics [1], reactor design [2], and waste transmutation [3]. Most appli-
cations imply an environment of finite temperature, notably in stellar scenarios
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Fig. 1. Relation between γ decay and absoprtion (l.h.s.) and expected energy depen-
dence of the GSF (r.h.s.).
[4], and thus reactions on excited states (e.g. in a (n,γ) reaction) become rele-
vant. Their contributions to the reaction rates are usually estimated applying
the generalized Brink-Axel (BA) hypothesis [5,6], which states that the GSF is
independent of the properties of the initial and final states (and thus should be
the same in γ emission and absorption experiments). Although historically for-
mulated for the IVGDR, where it seems to hold approximately for not too high
temperatures [7], this is nowadays a commonly used assumption to calculate the
low-energy E1 and M1 strength functions. Recent theoretical studies [8,9] put
that into question demonstrating that the strength functions of collective modes
built on excited states do show an energy dependence. However, numerical re-
sults for E1 strength functions showed an approximate constancy consistent with
the BA hypothesis [8].
The so-called Oslo method, where primary spectra of γ decay following com-
pound nuclear reactions are extracted, is a major source of data on the GSF
below the particle thresholds. Since the γ transmission probability is propor-
tional to the product of the GSF and the final-state LD, assumption of the gen-
eralized BA hypothesis is a prerequisite of the analysis [10]. Recent Oslo-type
experiments have indeed demonstrated independence of the GSF from excita-
tion energies and spins of initial and final states in a given nucleus in accordance
with the BA hypothesis [11,12]. However, there are a number of results which
clearly indicate violations in the low-energy region when comparing γ emission
and absorption experiments. For example, the GSF in heavy deformed nuclei at
excitation energies of 2 − 3 MeV is dominated by the orbital M1 scissors mode
[13] and potentially large differences in B(M1) strengths are observed between
γ between upward [14] and downward [15,16] GSFs. Furthermore, at very low
energies (< 2 MeV) an increase of GSFs is observed in Oslo-type experiments
[12,17], which for even-even nuclei cannot have a counterpart in ground state
absorption experiments on even-even nuclei because of the pairing gap.
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For the low-energy E1 strength in the region of the PDR, the validity of the
BA hypothesis is far from clear when comparing results from the Oslo method
with photoabsorption data. Below particle thresholds most information on the
GSF stems from nuclear resonance fluorescence (NRF) experiments, which suf-
fers from the problem of unobserved braching ratios to excited states. These can
be corrected in principle by Hauser-Feshbach calculations assuming statistical
decay [18]. The resulting correction factors are sizable and show a strong depen-
dence on the neutron threshold energy and the g.s. deformation. On the other
hand, there are clear indications of non-statistical decay behavior of the PDR
from recent measurements [19,20,21]. Violation of the BA hypothesis was also
claimed in a simultaneous study of the (γ, γ′) reaction and average ground state
branching ratios [22] in 142Nd (see, however, Ref. [23]). Clearly, information on
the GSF in the PDR energy region from independent experiments is called for.
3 GSF and LD from (p,p′) scattering
A new method for the measurement of complete E1 strength distributions in
nuclei from about 5 to 25 MeV has been developed using relativistic Coulomb
excitation in inelastic proton scattering at beam energies of a few hundred MeV
and scattering angles close to 0◦ [24,25,26,27,28,29]. The experiments also permit
extraction of the M1 part of the GSF due to spinflip excitations [30], which en-
ergetically overlaps with the PDR strength. Furthermore, when performed with
good energy resolution, the level LD can be extracted independently of the GSF
in the excitation region of the IVGDR from the giant resonance fine structure
[31]. This allows an important test of the model-dependent decomposition of LD
and GSF in the Oslo method [10] .
The case of 208Pb is used as an example to illustrate the methods [24,25] and
the comparison to the Oslo data [32]. Details on the experimental techniques can
be found in Ref. [33]. The top part of Fig. 2 shows a spectrum of the 208Pb(p,p′)
reaction in the excitation region Ex = 4− 25 MeV measured with the magnetic
spectrometer placed at 0◦. One observes prominent transitions at low excitation
energies, who can be shown to have E1 character, and a resonance-like structure
around 7 MeV, which contains E1 and M1 parts due to the energetic overlap of
the PDR and the spinflip-M1 resonance. The prominents structure peaking at
13 MeV represents the IVGDR.
A separation of E1/M1 cross sections and contributions from other multi-
poles is possible with a multipole decomposition analysis (MDA) of the angular
distributions [25,26,29]. The measurement of spin transfer observables with a
polarized beam provides a separation of spinflip and non-spinflip cross sections
[24,27,29], which can be related to E1 and M1 components by the different
reaction mechanisms. Good agreement is found between these completely inde-
pendent methods.
The E1 cross sections can be converted to B(E1) strengths, respectively
photabsorption cross sections, with the virtual photon method [34]. The bottom
part of Fig. 2 shows a comparison of the deduced B(E1) strength distribution
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Fig. 2. Top: Experimental spectrum of the 208Pb(p,p′) reaction at E0 = 295 MeV
and Θlab = 0
◦. Bottom: Comparison of the B(E1) strength distribution deduced from
the (p,p′) experiment below Sn and the photoabsorption cross section above Sn with
results from other experiments. See Refs. [24,25].
in 208Pb with data from (γ, γ′) and (n,γ) reactions [35,36,37] (l.h.s.) and pho-
toabsorption experiments [38,39] in the giant resonance region (r.h.s.). Excellent
agreement is obtained [24].
The M1 cross sections can be converted to spin-M1 matrix elements with
the “unit cross section method” originally developed to extract the analog GT
strength from charge-exchange reactions [40]. Assuming that orbital contribu-
tions to the total M1 strength are negligble [14] one can extract electromagnetic
B(M1) strength distributions from the proton scattering data [30,41]. Im the
case of 208Pb the M1 contribution to the GSF is small, not exceeding 10% at
the maximum of the resonance.
Figure 3 presents the GSF deduced from the 208Pb(p,p′) data [32] in com-
parison to results from an Oslo experiment [42]. The inlet shows an extension of
the low-energy region, where both experiments overlap. The comparison of the
present GSF derived from ground-state absorption with the Oslo results shows
larger values in the PDR energy region, where both data sets overlap. How-
ever, the fluctuations of the GSF are very strong due to the anomalously small
level densities in the closed-shell nucleus 208Pb, which prevents conclusions on a
possible violation of the BA hypothesis in the PDR energy region.
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Fig. 3. GSF deduced from the 208Pb(p,p′) data [24,25] in comparison with results
from an Oslo-type experiment [42]. Reprinted with permission from https://doi.org/
10.1103/PhysRevC.94.054313. c©2016 by the American Physical Society.
Fluctuations of the cross sections in the energy region of the IVGDR are
observed in the high-resolution (p,p′) experiments (cf. Fig. 2). They can be
related to the density of Jpi = 1− states. The LD is extracted with a fluctuation
analysis decribed e.g. in Refs. [31,43,44,45]. A prerequiste of the method is a
separation of the cross sections populating the IVGDR from other contributions.
In the present case this is achieved by using the MDA results.
A quantitative description of the fluctuations is given by the autocorrelation
function
C () =
〈d (Ex) · d (Ex + )〉
〈d (Ex)〉 · 〈d (Ex + )〉 . (2)
The value C( = 0)− 1 is nothing but the variance of d(Ex)
C ( = 0)− 1 =
〈
d2 (Ex)
〉− 〈d (Ex)〉2
〈d (Ex)〉2
. (3)
According to Ref. [46], this experimental autocorrelation function can be ap-
proximated by the expression
C()− 1 = α · 〈D〉
2∆E
√
pi
× f(σ, σ>), (4)
where the function f depends on the chosen parameters (folding widths σ, σ>)
only. α is the sum of the normalized variances of the assumed spacing and tran-
sition width distributions. If only transitions with the same quantum numbers
(Jpi = 1− in the present case) contribute to the spectrum, it can be directly
determined as the sum of the variances of the Wigner and Porter-Thomas dis-
tribution, respectively and the mean level spacing 〈D〉 and LD ρ(E) = 1/〈D〉
can be extracted from Eq. (3).
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Fig. 4. Total LD in 208Pb from the (p, p′) data [24,25] in comparison with results
from an Oslo-type experiment [42]. Reprinted with permission from https://doi.org/
10.1103/PhysRevC.94.054313. c©2016 by the American Physical Society.
In order to compare with the results from the Oslo experiment, the 1− LD
needs to be converted to a total LD. The spin distribution is calculated with the
aid of systematic backshifted Fermi-gas model (BSFGM) parameterizations and
their variation is taken as a measure of the systematic uncertainty of the proce-
dure (for details see Ref. [32]). Figure 4 displays the resulting LD in the region
9.5-12.5 MeV (blue diamonds) together with resuts fo the Oslo experiment at
lower energies (red squares) [42] and the data point at neutron threshold from
neutron capture [47]. Several BSFGM results are shown as solid, dashed and
dotted lines, respectively. The RIPL-3 parameterization [47] provides a very sat-
isfactory description of all experimental data indicating that the decomposition
into GSF and LD in the Oslo method is essentially correct.
Another study of this type was performed for 96Mo [29], a considerably de-
formed nucleus with LDs high enough to permit a comparison with the GSF from
a decay experiment averaging over appropriate energy intervals. The choice of
96Mo was motivated by the large discrepancies of GSFs derived from Oslo [48,49]
and NRF [18] experiments. The l.h.s. of Fig. 5 summarizes the available GSF
data. The energy region below neutron threshold is expanded on the r.h.s. show-
ing the results from the Oslo (open circles), the NRF (black circles), and the
(p,p′) experiment (red circles). For γ energies between 6 an 8 MeV covered by
all experments, the GSF deduced from Coulomb excitation lies between the the
two other results but overall agrees better with the Oslo result (for details see
Ref. [29]).
Finally, we have extracted the GSF of 120Sn from the data described in
Refs. [26,27], again including the M1 part due to the spinflip resonance. In the
GDR region fair agreement with previous experiments is obtained [27]. The
energy region below neutron threshold is displayed in Fig. 6 and exhibits two
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GSF in 96Mo
(p,p‘):           D. Martin et al., Phys. Rev. Lett. 119, 182503 (2017)
(3He,3He‘γ): A.C. Larsen, S. Goriely, Phys. Rev. C 82, 014318 (2010)
(γ,γ‘):           G. Rusev et al., Phys. Rev. C 79, 061302 (2009)  
18
 Compatible with Oslo results in the PDR region
Peter von Neumann-Cosel | Workshop CNR* 18 | Berkeley, 24-28.9.2018 
Fig. 5. GSF of 96Mo from the t e (p, p′) data (red circles) compared with (3He,3He′γ)
[48,49] (open circles) and (γ, γ′) data including a statistical model correction for un-
obse ed branching ratios [18] (black circles). See Ref. [29].
pronounced resonance-like structures around 6.5 and 8 MeV indicated by arrows.
Data from an Oslo-type experiment are not available for 120Sn, however, the
neighboring even-even Sn isotopes 116 [50] and 118,122 [51] have been studied.
Since the low-energy structure is known to change little across the stable even-
even Sn istopes one can also expect that changes of the GSF are limited (although
the PDR is expected to have some dependence on neutron excess [52]).
Fig. 6. GSF of 120Sn in the energy region from 5 to 9 MeV from the the (p, p′) data
[26,27] in comparison with Oslo-type results for 116Sn [50] and 118,122Sn [51].
For γ energies from 5 to about 7.5 MeV covered by both types of experiments
one finds reasonable agreement at the lower and upper end of the interval. In
contrast, the Oslo data show a smooth energy dependence and no resonance-
like structure around 6.5 MeV pointing to a violation of the BA hypothesis. It
8 Peter von Neumann-Cosel
should be noted that this bump is systematically seen in 0◦ (p,p′) cross sections
for all stable even-even Sn isotopes [53] and has also been observed in 124Sn with
isoscalar probes [54,55].
4 Concluding remarks
The generalized BA hypothesis is a crucial assumption for the application of
statistical nuclear reaction theory with photons in the entrance or exit channel.
Of particular importance is the question whether data from g.s. absorption ex-
periments represent the GSF in the (quasi)continuum region. While its validity
is fairly well established above neutron threshold in medium-mass and heavy
nuclei, the situation is less clear at lower γ energies when comparing decay and
absoprtion experments. There are clear violations like the LEE and the larger
scissors mode strength in the decay. For the (PDR + spinflip M1) energy region
there are conflicting results.
The present contribution discusses a new approach to extract the GSF (in-
cluding the spin-M1 part) from (p,p′) scattering at energies of a few hundred
MeV and at very forward angles. This method directly measures the g.s. decay
width and avoids the problems of NRF data, where one needs to correct for
unknown branching ratios to excited states. When performed with high energy
resolution, such data not only provide the GSF but also the LD, thus permit-
ting an important test of the assumptions made in Oslo-type experiments for
their decomposition. So far, three cases have been analyzed. The study of 208Pb
remains inconclusive because the anomalously low LD leads to large intensity
fluctuations [32]. For 96Mo consistency within the experimental uncertainties is
found [29]. The results in 120Sn point to a violation of the BA hypothesis [53].
Clearly, a more systematic study is needed – e.g. on the role of deformation –
and emphasis should be put to establish more cases, where GSF and LD from
Oslo-type and (p,p′) experiments (as well as the LD from neutron capture) can
be compared.
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